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Role of telomeres and telomerase in genomic instability,
senescence and cancer
Yibin Deng1 and Sandy Chang1,2

Telomeres are ribonucleoprotein structures that protect the end of linear chromosomes from recognition as DNA double-
stranded breaks and activation of a DNA damage response. Telomere-associated proteins also regulate telomerase, the
protein responsible for maintaining telomere length. Loss of telomere function results from either alteration in the
capping function at telomeres, or from progressive loss of telomeric repeats necessary to maintain proper telomeric
structure. Dysfunctional telomeres activate p53 to initiate cellular senescence or apoptosis to suppress tumorigenesis.
However, in the absence of p53, telomere dysfunction is an important mechanism to generate chromosomal instability
commonly found in human carcinomas. Telomerase is expressed in the majority of human cancers, making it an attractive
therapeutic target. Emerging anti-telomerase therapies that are currently in clinical trials might prove useful against some
forms of human cancers.
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The development of human carcinomas is intimately linked
to advancing age, with the vast majority of cancers occurring
in older adults. Adult cancers are predominantly carcinomas
of epithelial origin, arising in compartments that undergo
continual renewal throughout life. For example, such cycles
of proliferation and replacement are especially prominent in
the breast where mammary secretory epithelial cells undergo
hormonally regulated proliferation and regression coupled to
each menstrual cycle. A feature of human carcinomas is their
strikingly complex cytogenetic profiles, characterized by the
presence of complex non-reciprocal translocations (NRTs).1

NRTs result from random and improper fusions of broken
chromosomes leading to gains or losses of chromosomal
segments, some of which likely impinge upon cancer-relevant
pathways. Indeed, the vast majority of sporadic breast
carcinomas display chromosomal instability (CIN) and are
called CIN neoplasias.2,3 While the molecular mechanisms
underlying CIN are not well understood, it likely involves
disruption of multiple genes with ‘caretaker’ functions.4,5

Loss of function of tumor suppressor genes, including p53,
is associated with increased genomic instability. However,
mutations in p53 usually occur late during tumor progres-
sion, well after they have acquired significant genomic
instability.6,7

IMPORTANCE OF TELOMERE END PROTECTION
One important mechanism that can give rise to CIN is the
functional status of telomeres. Telomeres are composed of
TTAGGG repeats that associate with telomere-specific bind-
ing proteins.8 The synthesis and maintenance of telomeric
repeats are mediated by telomerase, a specialized ribonu-
cleoprotein complex composed of a RNA component (Terc)
and its protein counterpart (Tert). In the absence of telo-
merase, the failure of DNA polymerase to fully synthesize
terminal ends of the lagging DNA strand leads to progressive
telomere shortening with each round of replication. In hu-
man somatic tissues, the strict downregulation of telomerase
accounts for the age-dependent decline in telomere lengths in
somatic cells.9,10 These studies have documented a decrease
in telomere length in several human epithelial cell types,
ranging from 50 to 100 bp per population doubling, for a
total lifetime loss of approximately 2–4 kb. This rate of tel-
omere length attrition would be significant in long-lived
organisms such as humans.

Telomeres serve at least three essential functions: (1) pro-
tecting natural chromosomal DNA ends from being in-
appropriately recognized as double-stranded breaks (DSBs)
and therefore initiating an inappropriate DNA damage
response (DDR), (2) protecting chromosomal ends from
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inappropriate enzymatic degradation and (3) preventing
chromosomal end-to-end fusions. Three sequence specific
DNA binding proteins are recruited to chromosomal ends:
the duplex telomere-binding proteins TRF1 and TRF2 and
the single-stranded TTAGGG repeat binding protein POT1.
These proteins are interconnected by three additional pro-
teins: TIN2, TPP1 and RAP1 to form a functional complex
that caps telomeric ends and prevent inappropriate activation
of non-homologous end joining (NHEJ) and homologous
recombination (HR) pathways at telomeres (Figure 1a). The
notion that telomere-binding proteins protect chromosomal
ends from being recognized as DSBs is supported by ob-
servations that deletion of components of this complex leads
to telomere dysfunction that then engages canonical DDR
pathways. The DDR can be envisioned as an intracellular
signal-transduction pathway. DNA stimuli are detected by
sensor proteins such as MRE11/Nbs1/Rad50 that then trigger
the activation of a signal transduction system composed of

upstream and downstream protein kinases such as ATM/
ATR, Chk1 and Chk2. The DNA damage signal ultimately
activates p53, eliciting two potent tumor suppressive activ-
ities: apoptosis and cellular senescence that together serve to
inhibit further growth of genetically damaged cells (Figure 1b).

TELOMERE DYSFUNCTION-INDUCED CELLULAR
SENESCENCE AS A TUMOR SUPPRESSOR MECHANISM
Primary human cells do not express telomerase and their
replicative potential are limited by progressive telomere
shortening, eventually resulting in the onset of cellular se-
nescence, a state of permanent cell-cycle arrest in which cells
exhibit changes in gene expression, display characteristic
morphological changes and stain for senescence-associated
b-galactosidase (SA-b-gal) activity.9–13 Other stresses, such as
oncogene activation, can also trigger cellular senescence.
Regardless of the source of cellular stress, it appears that
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Figure 1 (a) Telomere structure. The telomere is postulated form a lariat-like structure, in which the 30 G-overhang of the telomere invades a duplex

telomeric region to form a double-stranded t-loop and a single-stranded D-loop. The six-component shelterin complex is postulated to bind and stabilize

this t-loop structure when cells are not replicating. During DNA replication, the 30 overhang becomes accessible to telomerase to elongate telomeres.

Telomere extension by telomerase requires translocation of the POT1 protein to an internal site, permitting telomerase to access the terminal G-residue. The

shelterin complex protects telomeres beginning at the G2 phase of the cell cycle from inappropriate non-homologous end joining (NHEJ) and homologous

recombination (HR)-mediated repair of telomeric DNA. The six-component core protein complex is shown schematically. (b) Telomere dysfunction elicits a

DNA damage response at telomeres and activation of ATM/ATR kinases, resulting in p53-mediated cell-cycle arrest/replicative senescence or apoptosis to

suppress further growth of genomically unstable cells. (c) Speculative model, based on available evidence, of how telomere dysfunction initiates genomic

changes to promote the development of breast cancer. Loss of the p53-dependent DNA damage checkpoint is postulated to be important for tumor

progression. Transition from normal ductal breast epithelium to invasive carcinoma correlates with the presence of dysfunctional telomeres and loss of p53.
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generation of damaged DNA is essential to engender the
senescence response (Figure 1b).14,15

Owing to its antiproliferative effects, cellular senescence
induced by shortened telomeres has long been postulated to
be a potent tumor suppression mechanism in vivo. However,
since the vast majority of what is known about cellular se-
nescence comes from cell culture studies, its existence in vivo
has been controversial until recently. Only with the advent of
genetically engineered mouse models in which telomerase
could be experimentally eliminated could one address the
interplay between dysfunctional telomeres and the activation
of p53-dependent tumor suppressor programs in vivo.16 For
example, the INK4a�/� mouse lacks both p16INK4a and
p19ARF, which have important roles in both the pRb and p53
pathways. Importantly, the p53-dependent DDR is intact
in the INK4a�/� mouse. Treatment of telomerase null,
INK4a�/� compound mutant mice possessing long (func-
tional) telomeres with chemical carcinogens revealed that
these mice are highly cancer prone.17 However, similar
treatment of telomerase null INK4a�/� mice possessing
dysfunctional telomeres yielded a reduction in tumor in-
cidence and much longer survival. A similar finding was
observed in a skin carcinogenesis model, in which telomerase
null mice with dysfunctional telomeres produced sig-
nificantly fewer advanced skin tumors after chemical carci-
nogenesis treatment of the skin compared to wild-type
control animals with long telomeres.18 Increased p53 staining
was readily detected in papillomas possessing dysfunctional
telomeres, suggesting that further progression to more ad-
vanced skin malignancies was likely inhibited by p53 acti-
vation. Because dysfunctional telomeres readily activate an
apoptotic program in vivo, it was long thought that dys-
functional telomere-induced apoptosis was the primary me-
chanism for tumor suppression.

However, given that the aforementioned mouse models all
possess wild-type p53 capable of inducing both apoptosis and
cellular senescence, it remained unclear how dysfunctional
telomeres limit neoplastic growth in vivo. Is p53-dependent
cellular senescence important for dysfunctional telomere-
dependent tumor suppression? The generation of mutant
mice with dysfunctional telomeres in the setting of a p53
knock-in mutation (p53R172P allele) that is incapable of in-
itiating a p53-dependent apoptosis but is competent to exe-
cute p53-mediated cell-cycle arrest/replicative senescence
allowed this question to be addressed directly.19 In this sys-
tem, dysfunctional telomeres potently induced p53-mediated
replicative senescence to suppress spontaneous tumori-
genesis, while p53-dependent apoptosis was dispensable
for tumor suppression. Dysfunctional telomere-induced se-
nescence was accompanied by robust increase in p53, p21
and SA-b-gal activity in all tissue compartments examined,
indicating that a telomere-dependent DDR is activated in
vivo. In a corresponding study, telomere-induced senescence
also suppressed lymphoma formation in mice possessing
dysfunctional telomeres in which the apoptotic function of

p53 has been eliminated by overexpression of Bcl2.20 Taken
together, these two findings firmly established that cellular
senescence initiated by dysfunctional telomeres does exist in
vivo and potently suppress tumorigenesis in mice.21 Indeed,
recent observations indicate that the DDR is activated at the
earliest stages in many human adenomas by diverse genotoxic
stress to suppress further tumor progression.22 These results
predict that activation of an intact DDR pathway by dys-
functional telomeres would promote p53-dependent senes-
cence, suppressing further tumor progression. An intriguing
question is whether initiation of cellular senescence results in
permanent growth arrest of premalignant lesions in vivo. Is it
possible for would-be cancer cells to eventually escape the
growth constraints of cellular senescence? Senescent mouse
cells in which p53 is ectopically eliminated can indeed resume
growth.23,24 However, cellular senescence mediated by p16 in
human cells cannot be reversed.23 Since senescent cells can
also secrete pro-inflammatory factors that promote malig-
nant transformation of neighboring cells,25 it is possible that
tumor suppression mediated by cellular senescence is actually
a double-edged sword: while senescence acts to potently
suppress tumorigenesis, the accumulation of senescent cells
in vivo may facilitate the development of cancer as we age.

ROLE OF TELOMERES AND TELOMERASE IN TUMOR
INITIATION AND PROGRESSION
The rare cells that stochastically lose p53 function could es-
cape the senescence checkpoint and continue to shorten their
telomeres, resulting in entry into a phase of rampant chro-
mosomal instability termed crisis, characterized by chromo-
somal fusions and NRTs.26,27 Depending on how fused
chromosomes are resolved, loss of heterozygosity (LOH) of
tumor suppressors and/or amplification of oncogenes could
lead to a pro-cancer genotype. Virally transformed human
cells that eliminate p53 and/or pRB function escape crisis at
extremely low frequencies,28 while those expressing hTERT
are readily immortalized.29,30 Cell-culture transformation
assays showed that p53 null mouse cells with critically
shortened telomeres exhibit increased susceptibility to
transformation byMyc and Ras oncogenes.31 Similar findings
were observed in vivo, in which telomerase-null mice with
dysfunctional telomeres and loss of p53 resulted in the se-
lection of cells with a pro-oncogenic genome and early onset
of cancer.31 Moreover, while 80–90% of human tumors
possess telomerase activity, the remainder maintains telo-
meres via a recombination-mediated process termed ALT (for
alternative lengthening of telomeres) that is telomerase-in-
dependent.32–34 Together, these observations reinforce the
importance of an intact p53 pathway in tumor prevention,
and support the view that crisis provides a potent barrier to
tumor development and, by extension, that telomere main-
tenance is an essential aspect of full malignant progression.

In human aging populations, cancer deaths are primarily
due to carcinomas of the breast, lung and colon, which arise
from the epithelial compartment. Loss of p53 function
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characterizes most human carcinomas, where p53 mutations
are found in approximately 50% of human breast adeno-
carcinomas and 40–60% of colorectal adenocarcinomas.6,35,36

However, carcinomas are rarely observed in mice, which
normally succumb to lymphomas and sarcomas. This spe-
cies-specific difference in the tumor spectrum may be due to
differences in the length of telomeres and how telomerase
levels are regulated, since the long telomeres in mice and
somatic telomerase expression would normally prevent the
generation of dysfunctional telomeres. Intriguingly, a few
carcinomas were observed in telomerase-null mice with
dysfunctional telomeres indicating a possible role for telo-
mere dysfunction in promoting tumorigenesis in epithelial
compartments. However, the rapid death of telomerase-null,
p53�/� mice from lymphomas and sarcomas masked the
impact of telomere dysfunction and the ensuing genetic
instability in renewing epithelial compartments.

To uncover a potential link between telomere dysfunction
and carcinoma development in vivo, telomerase-null, p53þ /�

mice with a much longer tumor latency were used to further
evaluate the impact of age-related telomere shortening on the
tumor spectrum of mice. Strikingly, carcinomas emerged as
the largest class of clinically apparent tumors, and their
cytogenetic profiles resemble those of human carcinomas.
Breast, colon and squamous cell carcinomas isolated from
telomerase-null, p53þ /� mice with telomere dysfunction
revealed the presence of multiple chromosomal structural
aberrations, including NRTs and amplifications of the distal
portion of chromosome 6.37,38 This region of the mouse
chromosome contains the k-ras2 proto-oncogene, which was
amplified in all tumors examined and most likely confers
growth advantage properties to these lesions.38 Recent high-
resolution genomic studies of lymphomas derived from p53/
ATM/telomerase triple null mice with dysfunctional telo-
meres revealed that the emergent murine T-cell lymphomas
possess complex genomic alterations similar to those found
in human lymphomas and carcinomas, including deletion/
mutation of PTEN and FBX7 loci.39 This result suggest that
telomere dysfunction engender genomic rearrangements that
likely impinge upon cancer-relevant pathways that may allow
for the stepwise accumulation of genetic changes in favor of
tumor progression, allowing selection by would-be cancer
cells of more aggressive traits, such as the ability to elicit an
angiogenic response, metastasize, and ultimately survive the
actions of chemotherapeutic drugs. In human breast cancers,
telomere shortening occurs early during breast tumorigen-
esis, and genomic instability fueled by dysfunctional telo-
meres is associated with the transition from benign ductal
hyperplasia to malignant ductal carcinoma in situ (Figure
1c).40,41 Telomerase is reactivated in the majority of advanced
human carcinomas,41,42 suggesting that telomerase reactiva-
tion is a critically important step for initiated lesions to
progress to frank malignancies since it removes the short
telomere barriers inhibitory for tumor progression. Together,
these findings demonstrate that telomere dysfunction pro-

motes chromosomal fusions that facilitate the development
of carcinomas in the setting of p53 deficiency, and may play a
key role in driving genomic instability observed in human
carcinomas lacking p53.

THERAPEUTIC OPPORTUNITIES IN THE TELOMERE FIELD
The upregulation of telomerase in most human cancers and
its strict requirement for tumor proliferation makes telo-
merase an attractive target for cancer therapeutics. Two
emerging antitelomerase therapies that have shown promise
in animal and clinical trials are highlighted here. Other
antitelomerase therapies are discussed in a recent review.43

Anti-hTERT Immunotherapy
The nearly universal expression of hTERT in human cancers,
its important role in promoting tumor growth and its
restricted expression in normal tissues makes hTERT an
attractive antitumor target.44 Although hTERT is expressed at
low levels in normal cells, it is able to elicit a cytotoxic
T-lymphocyte (CTL)-mediated immune response against
tumors expressing high levels of hTERT. Several phase I/II
studies have been conducted with hTERT vaccines in patients
with advanced lung and pancreatic cancers, and the results
are encouraging. Immunotherapies using hTERT peptides
GV1001 and HR2822 in combination with granulocyte
macrophage-colony stimulating factor (GM-CSF) as an in-
jectable vaccine into patients with non-small cell lung cancer
stimulated an immune response in 11 of 24 patients.45 One
patient that developed GV1001-specific CTLs exhibited a
complete tumor response. Cloned GV1001-specific CD4þ
T-cells proliferated specifically against GV1001-pulsed anti-
gen presenting cells and was able to kill them in vitro, de-
monstrating that the responding T cells are able to efficiently
recognize hTERT epitopes. In the trial involving non-re-
sectable pancreatic cancer, patients received intradermal in-
jections of one of three doses of GV1001 in combination with
GM-CSF for 10 weeks, followed by monthly booster injec-
tions.46 Immune response was observed in 24 of 38 patients,
with patients receiving the intermediate dose experiencing
the greatest response. This group of patients also experienced
a significantly increased survival (median survival 8.6
months, P¼ 0.006). In addition, immune responders lived
significantly longer than non-responders (7.2 vs 2.9 months,
P¼ 0.001). Importantly, both of these studies demonstrate
that hTERT peptides are well tolerated and did not exhibit
bone marrow toxicity or other major side effects.

GRN163L Oligonucleotide-Based Therapy
GRN163L is a lipidated 13-mer modified oligonucleotide
complementary to the template region of hTERC and is a
potent and specific telomerase antagonist.47 Administration
of GRN163L to rodent xenograph models bearing either
human lung cancer cells,48 human hepatoma cell lines,49 and
U-251 human glioblastoma cells50 all resulted in inhibition of
tumor progression. Progressive telomere shortening was
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observed in GRN163L treated hepatoma and lung tumor cell
lines, consistent with the oligonucleotide’s antitelomerase
effects. GRN163L was recently approved to enter phase I/II
clinical trials in chronic lymphocytic leukemia administered
on a weekly IV dosing schedule.

SUMMARY
Telomeres and telomerase have been the subject of intense
research focus in the past decade because the proper main-
tenance of telomeres is thought to be important to prevent
the early onset of cancer. These studies have shed light on the
structure of telomeres and how telomeres are shielded from
activating the DDR pathway. In the setting of telomere
dysfunction, the status of p53 appears critical for tumor
suppression. While it is well known that activation of a
p53-dependent apoptotic program is tumor suppressive, it
now appears that activation of a p53-dependent cellular se-
nescence program by dysfunctional telomeres also potently
suppress tumorigenesis in vivo. Future challenges include
understanding why certain tissues engage an apoptotic re-
sponse while others seem to be culled by activation of cellular
senescence, and whether senescent cancer cells are perma-
nently growth arrested in vivo, or is escape into malignancy
possible. On the therapeutic front, antitelomerase therapies
might emerge as effective treatments for cancer with minimal
side effects to rapidly dividing normal cellular compartments.
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